With the advent of interventional vascular procedures, objective and reproducible tools are needed to assist clinical decision-making and to assess intervention efficacy. The success of quantitative coronary arteriography (QVA) in objectively assessing cardiovascular morphology has initiated the software development for quantitative analysis of peripheral vasculature. The objective of this study was to evaluate the applicability and quality of a new QVA package applied to renal arteries. Methods: A calibration method was developed using markers mounted on a catheter's shaft, ensuring accurate calibration even with small catheter sizes. Given the high prevalence of ostial stenoses in peripheral vessels, a dedicated vessel analysis method was developed to assess these stenoses. Its reproducibility was determined in renal angiography. Variance component analysis was performed to evaluate sources of variability, using angiograms from 74 patients suspected of renovascular hypertension. Results: For intraobserver variability, the 95% confidence intervals of differences in percent diameter stenosis and minimal lumen diameter were Ϫ1.99%-1.04% (P ϭ 0.53, n ϭ 48) and Ϫ0.081 mm-0.023 mm (P ϭ 0.27, n ϭ 48), respectively. For the interobserver variability, intervals were Ϫ1.86%-2.80% (P ϭ 0.69, n ϭ 66) and Ϫ0.46 mm-0.053 mm (P ϭ 0.12, n ϭ 46), respectively. Conclusions: The contribution of intraobserver variation was negligible. The contribution of interobserver variation for different parameters was negligible or comparable with the variation caused by image acquisition. These conclusions demonstrate that QVA can reproducibly measure renal artery geometry.
O ver the last decades, an increasing number of therapies have become available to potentially treat stenoses in peripheral arteries. [1] [2] [3] However, before treatment, there is a great clinical demand for the characterization of stenoses in arteries and the changes therein by objective criteria. These criteria include both anatomic descriptors, that is, vessel size, as well as the functional (hemodynamic), significance of stenoses. Currently, many investigators report the results of studies that corroborate the statement that visually interpreted x-ray images, providing a percentage diameter stenosis value, are not sufficient for a reliable assessment of the hemodynamic significance of a stenosis. 4 -7 The success of a revascularization procedure, for example, percutaneous transluminal angioplasty with or without stent placement, is highly dependent on an accurate interpretation of a stenosis. Moreover, both the size of the balloon and the stent used has to be determined accurately from local vascular dimensions before the actual intervention takes place. When objective data are available, the clinical decision making process and the assessment of the efficacy of the procedure can be properly supported, leading to individually optimized treatment procedures.
Currently, 3 different techniques are available in the vascular catheterization laboratory to detect and assess vascular atherosclerotic lesions. The first and simplest approach, which is widely used, is by visual inspection of the x-ray angiogram of the affected vascular segment. A hemodynamically significant stenosis is most commonly defined as a Ͼ50% reduction of normal vessel diameter accompanied by a hemodynamic, functional, or clinical abnormality, such as elevated blood pressures. 8 Second, the pressure drop over a stenotic vascular segment can be assessed with a pressure catheter or pressure wire. If this pressure drop exceeds a certain threshold value (eg, 15 mmHg) the stenosis is qualified as significant. The pressure drop measurement requires the use of additional catheters near the site of the stenosis, and even requires pushing a pressure wire across the obstruction, which makes these techniques highly invasive, associated with additional risks to the patient.
Quantitative Coronary Arteriography (QCA) has proven to be a de facto standard for the objective assessment of cardiovascular morphology. 9 -11 QCA is used to evaluate the severity of stenoses in coronary arteries. Information about vessel morphology acquired with quantitative analysis can be used for vessel diagnosis and to support decisions regarding stenosis treatment, for example, percutaneous transluminal coronary angioplasty or stent placement. Moreover, it has been well documented that the quantitative assessment reduces the intra-and interobserver variability compared with a visual assessment. [12] [13] [14] [15] [16] [17] Finally, visual assessment of percentage diameter stenosis tends to underestimation for percentages Ͻ50% and to overestimation for percentages Ͼ50%.
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Based on our experience with QCA, we decided to transfer this knowledge towards vascular applications. To this end, we have developed a QVA package particularly suitable for the renal arteries, which are characterized by the frequent occurrence of ostial stenosis. 8 The purpose of this study, therefore, was to evaluate the applicability and quality of this new QVA package applied to renal arteries.
MATERIALS AND METHODS
A quantitative analysis should produce both absolute measures, such as minimal lumen diameter (MLD), reference diameter (RD), and obstruction length (OL), as well as relative measures, such as percentage diameter stenosis (%DS). To calculate absolute measures, the first step in an analysis procedure should always be the calibration procedure, assuming a proper calibration device has been used in the study. Once the pixel size of an image has been defined in mm, the subsequent steps are the detection of the path line of the vessel segment of interest, contour detection of the vessel lumen, diameter function calculation, and vessel reconstruction using the reference diameter function, which is calculated from the diameter function. Finally, stenosis parameters, that is, MLD, RD, OL, and %DS are calculated from the actual and the reference diameter function. These different steps will be described in more detail in the following paragraphs.
Calibration
In QCA, the contrast catheter is most frequently used as calibration device. To obtain reliable calibration factors, requirements have been defined as to the materials of the catheters, as well as their size (usually Ն6 Fr). 14,19 -21 However, in renal applications usually smaller catheters are being used (typically 4 Fr). Therefore, a calibration method that is based on the distances between radiopaque markers mounted equidistantly along the catheter shaft was developed and validated using the grid calibration technique as the gold standard. 22 Because the distances between markers are usually in the order of 10 mm, this technique is expected to be more accurate than the catheter width technique in QCA, which is based on width measurements in the order of 2-3 mm.
Very briefly, the marker calibration technique is based on the following principle; the user defines a region of interest (ROI) in the image containing the marker catheter; the software algorithm detects candidate markers using the so-called Hough Transform. 23 False hits from the marker detection are automatically rejected by fitting a curve through the candidate markers and excluding those lying too far away from this curve. Distances between the markers are measured along a second curve, fitted through the remaining markers. The calibration factor (in mm/pixel) is the actual distance (in mm) between successive markers divided by the average number of pixels between successive markers in the image. Figure 1A shows an image containing a measurement catheter with radiopaque markers, and Figure 1B shows the ROI indicated by the user, the accepted markers and the fitted curve.
QVA
Depending on the (expected) position of the stenosis, 1 of 2 analysis approaches can be applied. If it is situated in a midsegment ("truncal" lesions) of the vessel, the so-called midsegment approach, similar like the approach used in QCA applications, is chosen. If the stenosis is located close to the ostium of the vessel under consideration, however, the socalled ostial approach, requiring the use of 2 path lines, should be selected ( Fig. 2A) . In both approaches, the same sequence of algorithms is applied to the selected image; the behavior of the algorithms is, however, different for both situations as described below.
Midsegment Analysis
The midsegment procedure is comparable to a standard QCA procedure in a coronary artery, 24, 25 in which the operator indicates a proximal and a distal point in the vascular segment. The indicated points are used as landmarks to detect a path line roughly through the center of the vessel. Taking the path line as an input model for the lumen boundary detection, 2 vessel contours, one on either side of the path line, are detected using the minimal cost contour detection In the first iteration, the path line is used as a model for the minimal cost contour detection algorithm, in the second iteration the detected contours are used as models.
The original parameter settings from QCA for this minimal cost algorithm have been adjusted for this QVA application because the gray value profile along the transition from vessel lumen to background is different between renal and coronary arteries. Because the diameter of the renal arteries is typically larger than the diameter of the coronary arteries, a larger edge detection filter has been used with a slightly adjusted profile.
From the detected vessel boundaries, a diameter function is calculated, representing the vessel diameter at equidistant sample positions along the indicated segment. For a well-defined diameter function, information about corresponding positions on both vessel contours should be available. Between these corresponding positions, distances representing local vessel diameter values are calculated. These distances should be defined perpendicular to the local segment direction. Because in general the first positions of the detected vessel contours do not meet this requirement, an iterative method has been used to determine 2 corresponding positions on both boundaries that are each other's closest points. This iterative process stops when these points do not change position by more than one pixel. From this starting position onwards, the diameter of the segment is calculated for each position on the contours and the resulting values define the diameter function.
The most widely used parameter to describe the severity of an obstruction is the percentage of diameter narrowing.
Calculation of this parameter requires that a reference diameter value is computed, for which 2 options are available: (1) a user-defined reference diameter as positioned by the user at a so-called "normal" portion of the vessel or (2) the automatically determined and interpolated reference diameter value. In practice, the latter approach is preferred because it requires no user interaction and takes care of any tapering of the vessel. For that purpose, a reference diameter function is calculated by an iterative linear regression technique. The iterative approach has been used to exclude the influence of any obstruction or ectatic area as much as possible, so that it represents the best approximation of the vessel size before the occurrence of the focal narrowing. Now that the reference diameter function is known, reference contours can be reconstructed around the actual vessel segment, representing the original size and shape of the vessel before the focal disease occurred. However, the possible presence of any diffuse atherosclerosis cannot be corrected for. Finally, the area between the detected lumen contours and the reference contours is a measure for the atherosclerotic plaque in this particular angiographic view.
The reference diameter function is also used to detect the position within the analyzed segment where a stenotic lesion is situated. This location is defined as the position where the real diameter function deviates most from the reference diameter function. Around the stenosis itself a region is marked as the stenotic segment.
The actual reference diameter value corresponding with a detected obstruction is now taken as the value of the reference diameter function at the site of the obstruction. From the reference diameter and the obstruction diameter values, the percent diameter narrowing is calculated. 
Ostial Segment Analysis
In renal arteries, stenoses do not only occur in mid segments, but more frequently, close to their ostium. 8 Clearly, the vascular morphology of the ostial segment differs from a midvascular segment. In the most proximal part, the boundaries are widely apart and converge gradually. In more distal parts in the segment, however, the boundaries tend to be more parallel, similar to the mid segment. Therefore, the analysis method used in the midsegment analysis cannot be used in ostial segment analysis, and a new method is required. This new method involves 4 steps described below ( Fig. 2A-C 
1. To detect the boundaries of the ostial segment correctly, 2 path lines are used as input models guiding the boundary detection algorithm. The operator must specify 3 starting points, 2 of which indicate separate starting positions in the aorta for the 2 path lines, and the third one is a common end point located in the renal artery. Once the starting points have been given, 2 separate path lines are detected ( Fig. 2A) . Because the boundaries of the ostial segment converge in the most proximal part, the 2 path lines will coincide at a certain position ( Fig. 2A) . 2. For the vessel boundary detection (Fig. 2B) , the same edge detection filter as mentioned for the mid segment analysis is used. We used 2 path lines rather than one as initial models to guide the boundary detection algorithm more accurately at the transition from the aorta to the ostium of the renal artery. For the vessel segment, distal from the conjunction of the 2 path lines, the common path line is used as the single model for the vessel boundary detection algorithm, that is, for both boundaries the same path line is used ( Fig. 2A) . 3. To calculate the diameter function of an ostial vessel segment (Fig. 2C) , a new method has been developed. The reason for this is the fact that the method for the midsegment analysis searches for more or less parallel contours and consequently, it would continue following the vessel segment until the contours run parallel. As a consequence, it is unable to start the diameter function calculation close enough to the ostium (ie, the aorta in case of a renal artery segment analysis). Moreover, in case of an ostial stenosis, the starting point of the diameter function will most likely be found inside this stenosis (Fig. 3A) . Thus, a healthy vessel segment (however small) proximal to the stenosis is not found and consequently cannot contribute to the diameter function. 4. After path line detection, edge detection and diameter function calculation, enough information is available to calculate the clinical parameters that are of interest: MLD, RD, %DS, OL (Fig. 2C ).
In detail, the new method for ostial segments works as follows. It starts with the algorithm described for midsegments, most likely defining the starting position inside the lesion (Fig. 3A) . From the starting position thus found, the new algorithm searches towards the ostium for a location where the angle between the 2 vessel boundaries exceeds a certain threshold for the first time. This position is defined as the new starting location for the ostial diameter function (Fig.  3B) . Similar to the midsegment analysis, the vessel diameter is calculated, from the starting point forward, at equidistant sample positions within the segment. The same indices are derived as for mid segments.
Patient Population
Patients were included from Maastricht University Hospital (Maastricht, the Netherlands) and from the LUMC (Leiden, the Netherlands) following a protocol approved by the Medical Ethical Committees of the 2 hospitals. Written informed consent was obtained in all cases. All included patients were referred for evaluation of suspected renovascular hypertension, based on the presence of clinical clues. Figure 3A , a backwards search is performed, starting at 1 and ending at 2. The arrows indicate the new starting points for the diameter function calculation.
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Renal insufficiency and abnormal creatinine values were exclusion criteria. In total, radiographic image material of 74 patients was included (70 from Maastricht University Hospital, 4 from LUMC). The image acquisition of 56 of these patients was performed according to the standardized acquisition protocol described in the following paragraph. Image material of the remaining 18 patients was acquired during daily clinical practice.
Standardized Acquisition Protocol
For each side (left and right) at least one image run was acquired to determine the rotation showing the renal artery with minimal foreshortening, and to confirm catheter position. For calibration purposes, a calibration catheter (Aurous 5F, Cook Incorporated) with round metallic markers was used. Each image run in the protocol was nonselective with the catheter tip positioned in the aorta. The required image intensifier size was 25 cm or 31 cm, image resolution was 1024 2 pixels, and the acquisition speed was at least 2 images per second.
The standardized acquisition protocol required that from each patient a total of 3 image runs were acquired under identical circumstances (the geometry of the image acquisition system and the position of the patient were the same in all image runs). The second image run was acquired immediately after the first one to evaluate the short-term acquisition and analysis variability. For the evaluation of the medium term variability, a third image run was acquired, at the end of the clinical examination.
Variability Studies
The image data of 56 patients included in the acquisition protocol was used in our intraobserver variability study (observer was HCvA). On average 6 vessel segment analyses were performed per patient. Thus, approximately 670 vessel segments were analyzed for the intraobserver variability study. Image material of all 70 patients from the Maastricht University Hospital was used in our interobserver study. To calculate the interobserver variability, each vessel segment was independently analyzed by a second observer (GBCV). For the interobserver study, only the first image run of each patient in this group was used, and thus entailed approximately 170 (30 extra by the first observer and 140 by the second observer) extra vessel segment analyses. Parameters of interest in the intra-and interobserver study were: calibration factor (CF), MLD, RD, OL, and %DS.
Statistics
One of the major goals of the software validation was to assess the importance and magnitude of the various error sources. For that reason a variance component analysis was carried out. 27, 28 The components that we took into account contributing to the total variance in our measurements are the patient, the site of renal artery (left or right), the location of the artery within one site, the acquisition number, the quantitative analysis sequence number (for intraobserver variations), the observer (for interobserver variations) and a residual error. Where necessary, outcome variables were transformed prior to the variance component analysis to ensure normality. The variance components routine of SPSS version 11.0 (SPSS, Chicago, IL) was used as statistical software.
To assess the intra-and interobserver variability in absolute measures, the results for calibration factor, obstruction length, obstruction diameter, reference diameter, and percentage diameter stenosis were analyzed using a paired Student t test. Because multiple image acquisition runs for each patient were acquired and because for each patient we analyzed every renal artery visible in the images, the number of analyses per patient could vary, because not all patients have the same number of renal arteries or the same number of usable image runs. It was decided to include only the analysis results of each patient's major right renal artery of the first acquired image run.
In this statistical analysis, we compared the results of pairs of measurements from the same patient, performed on an image taken from the same image acquisition and where the same renal artery segment was analyzed. We did not use consensus in the frame selection, therefore variation due to differences in the selection of the frame was part of the interand intraobserver variation.
RESULTS
As could be expected, the parameters responsible for the largest variance components within our population of all vascular analyses performed are, in general, the patient (intersubject), the side of the renal artery (site, left or right), and the specific artery within one side. The results of the variance component analysis are shown in Table 1 .
These results show that for all parameters, the contribution of the intraobserver variation to the overall variance was negligible. The variance component due to interobserver variability compared with the variance component due to different image acquisitions was negligible (OL: 0.48% for interobserver variability vs. 8.68% image acquisition variability), much smaller (MLD: 0.99% vs. 3.51%) or comparable (RD: 1.35% vs. 1.19%), respectively. Except for the obstruction length and the calibration factor, a remaining error on the order of 10% of unexplained variance component was observed.
In Table 2 . the 95% confidence intervals of the intraobserver differences are presented, while those of the interobserver differences are presented in Table 3 . The paired Student t test both for intraobserver variability and for the interobserver variability showed no significant differences between the first and second analysis results (for p-values for parameters that were tested, see Table 2 for intraobserver  variability and Table 3 for interobserver variability). van 
DISCUSSION
In this work, we have presented the newly developed software system for quantitative vascular analysis of peripheral vessel geometry in general and of renal artery stenosis in particular. We have developed this system to assist the clinician in the assessment of vascular geometry. In the field of QCA, such a tool has already proved to be of great value to the clinic.
In previous QCA studies 14,19 -21 it was demonstrated that the calibration procedure in QCA requires a catheter diameter of at least 6 Fr. In renal arteriography, however, catheters with smaller sizes are generally used. Therefore, for renal applications a new method for calibration was developed. This new calibration method uses radiopaque marker bands mounted equidistantly on a catheter's shaft. The marker calibration method has shown to be very accurate and gives highly reproducible results 22 (see Table 1 ). This is very important because an error in the calibration factor will propagate through all absolute measurements produced by the system. We evaluated our system with image data of 74 patients. In this evaluation, we checked our results for intraobserver and interobserver variability against the guidelines presented by Reiber et al. 29 These guidelines state that the random error () caused by intra-and interobserver variability for the minimal lumen diameter should be below 0.15 mm. Since these guidelines apply specifically to QCA, new guidelines have to be formulated for QVA.
The intraobserver variability (Table 2 ) and interobserver variability (Table 3) comply with the guidelines. Moreover, from Table 1 it is clear that the variation from different acquisitions is larger than or comparable to the intraand interobserver variability. This means that intra-and interobserver variabilities are not clinically relevant, because the variation introduced by the acquisition is much larger. For the reference diameter, however, the interobserver variability is larger than the interacquisition variability. We believe that this deviation is caused by the fact that for many ostial segments the reference diameter function was disturbed by converging vessel walls. To overcome this, the diameter function of these ostial segments had to be flagged. Flagging is the manual disqualification of a part of the diameter function to serve as input for the determination of the reference diameter function. Manual flagging definitely introduces variability, and therefore the interobserver variability for the reference diameter is larger than the interacquisition variability. This may also be the cause for noncompliance of the interobserver variability results with the (QCA) guidelines. Table 1 also shows that the largest variation in all parameters stems from intersubject variability, the site (left or right) of the renal artery and variability between different renal arteries situated at the same site. This result could be expected, but is nonetheless encouraging. Moreover, it shows that for most parameters evaluated, a certain amount of variation in analyses results could not be explained by the statistical model we used.
A source for unexplained variability might be the fact that the analyses could be performed on either digitally subtracted images, or on the raw image data. If an analysis was performed on a digitally subtracted image, the subtraction mask could differ between analyses. Since calibration was always performed on the raw image data, the calibration factor was unaffected by this possible source of variability.
During our measurements, we observed that slightly different path lines could be found when the start or end position of the segment, indicated by the observer, was changed. Changes in the path line detection in general introduces some variability changes in the detected vessel contours and consequently in the stenosis quantification parameter results. Therefore, an improvement of the reproducibility of the path line detection might contribute to smaller variability in the stenosis quantification parameters. 30 To reduce the influence of flagging of a part of the diameter function while determining the reference diameter function, either the flagging procedure should be automated or the calculation of the reference diameter function should incorporate a method to deal with converging ostial vessel walls. Digital subtraction changes the gray level profiles of edges present in the image. An improvement in the edge detection, based on recognition whether it operates on subtracted or on nonsubtracted images, could reduce variability in the measurement results as well. The edge detection algorithm should apply different gray level profiles for subtracted and nonsubtraction images.
The evaluation of the QVA system that we have developed has shown that the system can reproducibly measure the geometry of renal arteries. Moreover, quantitative analysis of renal artery stenoses is useful and can be of eminent importance for clinical use. It can assist the clinicians in determining the significance of an observed vascular stenosis as well as with the determination of balloon and/or stent sizes during percutaneous transluminal renal angioplasty in a very reproducible way. A validation study of the quantitative vascular analysis approach is performed at the moment.
